Introduction {#s1}
============

Division of labor, one of the most prominent and widely studied features of colony behavior in social insects [@pone.0048516-Hlldobler1]--[@pone.0048516-Oster1], takes one of two general forms: *morphological polyethism*, in which workers\' size and/or shape determines what tasks they will perform; and, *temporal polyethism*, in which individuals perform different tasks as they mature [@pone.0048516-Hlldobler1]--[@pone.0048516-Robinson2]. Temporal polyethism is widespread in social insects and typically follows the pattern of younger workers performing tasks within the nest and older workers performing tasks outside, such as foraging and defense [@pone.0048516-Hlldobler1]--[@pone.0048516-Robinson2]. Presumably, this behavioral specialization, which is thought responsible for social insects\' enormous ecological success, increases the overall efficiency of the colony because workers that focus on and repeat a particular task will perform it more reliably [@pone.0048516-Beshers1], [@pone.0048516-Oster1]. *Cataglyphis cursor*, a sand-dwelling Mediterranean ant, exhibits temporal polyethism in which foragers, typically the oldest members of the colony, are responsible for securing food, nurses specialize in brood care, and inactives, the youngest workers, remain near the brood but almost never tend them [@pone.0048516-Retana1], [@pone.0048516-Retana2].

Nowbahari et al. [@pone.0048516-Nowbahari1] have shown that *C. cursor* ants also are capable of highly sophisticated rescue behavior. That is, when an individual becomes entrapped, as often happens in nature when it is caught under collapsing sand or debris, or falls into a predatory antlion larvae pit [@pone.0048516-Czechowski1], [@pone.0048516-Hollis1], nearby nestmates begin by digging near the victim and pulling on its limbs, a very simple form of rescue behavior observed in several ant species [@pone.0048516-Wilson1]--[@pone.0048516-Spangler1]. In addition, however, *C. cursor* rescuers somehow are able to identify exactly what holds the victim in place, to transport sand away from that obstacle, and then, as illustrated in [Figure 1](#pone-0048516-g001){ref-type="fig"}, to target their bites precisely to it alone, excavating sand as necessary to expose the obstacle further [@pone.0048516-Nowbahari1]. Carefully aimed, biting at the obstacle never is misplaced, even though it may be in direct contact with the victim\'s body.

![Precision rescue behavior.\
In addition to digging near an entrapped nestmate and pulling on its limbs, a very simple form of rescue behavior observed in several ant species, *C. cursor* ants somehow are able to identify exactly what obstacle holds the victim in place, to transport sand away from that obstacle, and then to target their bites precisely to it alone, excavating sand as necessary to expose the obstacle further. We have labeled this behavior "precision rescue." Here, a *C. cursor* rescuer already has transported sufficient sand away from the victim, exposing the nylon thread snare holding its nestmate in place (part of the white filter paper has been exposed as well), and is pictured biting the snare that holds the victim to the paper. Carefully aimed, snare biting never is misplaced, even though the snare has been tied snugly around the pedicel (waist) of the victim and is in direct contact with the victim\'s body. Photograph by Paul Devienne.](pone.0048516.g001){#pone-0048516-g001}

Subsequent observations of *C. cursor* revealed, however, that not all adults administered help and not all victims were able to elicit help -- differences that might reflect other aspects of individuals\' division of labor, their physiological maturation or both. That is, because division of labor in *C. cursor* follows an age polyethism pattern [@pone.0048516-Mayade1], *C. cursor* foragers, as in all *Cataglyphis* ant species, are among the older colony members. Foragers, which are capable of high individual nestmate discrimination abilities, are physiologically more mature and, thus, for these reasons we predicted that they would be more likely both to give and to receive aid. Nest-bound inactives, on the other hand, younger individuals that are less physiologically mature, might be less able not only to call for help, but also to provide aid. Finally, nurses, specialized for brood care, might require some of the same behavioral patterns needed by efficient rescuers. Consequently, in the present study, we examined the role of polyethism in the rescue behavior of *C. cursor* ants by conducting tests of rescue behavior in which we systematically varied the caste of both victim and rescuers. Based on their physiological maturation and their other specializations, we predicted that foragers and inactives would differ substantially in their ability both to give and receive aid, with nurses possibly intermediate between these two castes.

As predicted, our results show that temporal polyethism, which controls foraging, defense and brood care in *C. cursor*, also regulates the capacity of these ants to deliver precision rescue behavior. We suggest that this highly adaptive specialization has been finely tuned through evolution to match a caste member\'s probability of becoming, or encountering, a victim in need of rescue.

Materials and Methods {#s2}
=====================

Ethics Statement {#s2a}
----------------

Five colonies of *C. cursor*, each with a queen and brood, were collected in Saint-Cyprien and Argelès-sur-Mer, France. These locations were not privately-owned or protected so no specific permission was required. We confirm that the field studies did not involve endangered or protected species.

Ants and Rearing Conditions {#s2b}
---------------------------

In the laboratory, each colony was housed and maintained separately: A cylindrical closed nest box (15 cm diameter) was connected via a 20-cm plastic tube to an open foraging area, namely a plastic tray (28 cm×27.5 cm×8.5 cm high) covered with a thin layer of sand. Ants were fed mealworm larvae and an apple-honey mixture twice per week. The colony room was maintained at 28±2°C, 20 to 40% humidity, with a 12∶12 light∶dark cycle. In each of the 5 colonies, 135 ants were identified as foragers, nurses, or inactives (45 individuals per caste) for a total of 675 individuals; ants were marked on the thorax with a distinct spot of indelible paint (Uni Paint Marker PX 20, Mitsubishi Pencil Co., LTD). Experiments were conducted during ants\' active period, between 09:00h and 14:00h, from February to May, when broods were present, which results in marked polyethism [@pone.0048516-Retana1], [@pone.0048516-Retana2].

Procedure {#s2c}
---------

We conducted tests of rescue behavior in which we systematically varied the caste of both victim and rescuers in a 3×3 factorial design. That is, each test consisted of a group of 5 potential rescuers of the same caste obtained from the same colony -- either 5 foragers, 5 nurses, or 5 inactives -- paired with a single experimentally ensnared victim, either forager, nurse, or inactive, for a total of 9 different rescuer-victim combinations. To insure reliability, we recorded 15 independent observations for each rescuer-victim combination, namely 3 samples from each of 5 different *C. cursor* colonies, resulting in 135 separate tests. In addition, for each of the 9 rescuer-victim combinations, 15 control tests (i.e., 3 per colony) were conducted with the same rescuer-victim combination, but in which the victim was anesthetized by chilling, a control that, in previous work [@pone.0048516-Nowbahari1], did not elicit any rescue behavior whatsoever.

To conduct each test, we followed the testing procedures described in Nowbahari et al. [@pone.0048516-Nowbahari1]. Briefly, a plastic ring, which was used to confine rescuers for testing, was placed close to the nest entrance and the ant victim was prepared by tying it to a small piece of filter paper. Following preparation of the victim, 5 marked subjects were chosen at random from a single caste within a colony (i.e., foragers, nurses, or inactives) and placed inside the ring for 2 min, allowing them to habituate to having been moved, and to the ring itself. We used the group of 5 nestmates per trial because previous work showed this procedure resulted in reliable rescue behavior [@pone.0048516-Nowbahari1]. Next, the filter paper containing the victim was inserted in the center of the ring and covered with a thin layer of sand, such that the victim\'s head and thorax, but not the filter paper, was visible. Following the 4-min test, the victim was removed and the ring was lifted, freeing ants to return to the nest or to remain in the foraging area. Each group of 5 rescuers was tested with an active victim of a particular caste, as well as with another, different victim of the same caste that had been anesthetized by chilling (2 min at −4C°), rendering it motionless. The order of these two tests, namely with an active or anesthetized victim, was counterbalanced within each colony, as well as within each victim-rescuer combination. Marking insured that no victim was tested twice. A new snare and filter paper were used for each test.

Statistical Analysis {#s2d}
--------------------

For each test of rescue behavior, the group of 5 potential rescuers constituted the statistical unit of analyses. That is, although marking enabled us to record each ant\'s behavior separately, the dependent variable was the duration of rescue behavior summed across each of the 5 ants during 4 minutes of observation, or, in the case of latency data, the latency of the first act of rescue by any one of the 5 rescuers. Nonparametric statistical tests were used to analyze the data (StatXact 8, Cytel 2007). To compare the 3 castes, permutation tests for K independent samples were used. Whenever the overall comparison of the three castes was significant, we analyzed the three paired comparisons with permutation tests for two independent samples, using the Bonferroni-Holm correction (noted below as P\' for each adjusted P-value). Permutation tests also were used to examine the correlation between latency and duration measures. Because we did not find any statistical differences in rescue behavior between the 5 different ant colonies (Permutation test for K independent samples, all *P*\>0.55), we combined the results across the 5 colonies. Finally, although we report the results of permutation tests for all analyses, we obtained exactly the same pattern of significant and non-significant results using Kruskal-Wallis and Mann-Whitney *U* tests.

Results {#s3}
=======

Duration of Rescue Behavior {#s3a}
---------------------------

The duration of rescue behavior differed significantly between the three castes of rescuers (P\<0.0001). Overall, foragers, whose mean duration of rescue was 180.4±25.9 s, helped significantly longer than nurses (81.3±15.3 s) (P\' = 0.001), and both foragers and nurses helped significantly longer than inactives (2.6±1.1 s) (both P\'s\<0.0001). Indeed, when the group of five rescuers was composed of inactives, rescue behavior was rare.

The duration of rescue behavior also differed significantly between the three castes of victims (P\<0.0001). Overall, forager and nurse victims were helped significantly longer than inactives (P\'\<0.0001 and P\' = 0.0002). The mean duration of rescue received by foragers and nurses was 140.7±24.9 s and 102.1±20.2 s respectively, whereas inactives received help for only 21.4±8.2 s. We found no significant difference between forager and nurse victims (P\' = 0.24).

As [Figure 2](#pone-0048516-g002){ref-type="fig"} shows, the patterns of rescue behavior delivered and received by the three castes also differed substantially. Forager rescuers did not dispense aid identically to the three castes of victims (P\' = 0 0009), delivering significantly more help to forager and nurse victims than to inactives (P\' = 0.0004 and P\' = 0.002, respectively). However, foragers helped forager and nurse victims equally (P = 0.43). Nurse rescuers displayed an identical pattern of preferential treatment (P = 0.0002), delivering significantly more help to forager and nurse victims than to inactives (P\'\<0.0001 and P\' = 0.0003, respectively), but treating forager and nurse victims similarly (P\' = 0.13). When, however, the rescuer group was composed of members of the inactive caste, victims were mostly ignored, with no significant difference between the three castes of victims (P = 0.13).

![Duration of rescue behavior.\
Mean duration (± SE) of rescue behavior performed by a group of five *C. cursor* rescuer, all foragers, all nurses or all inactives, in the presence of a single experimentally ensnared victim, either a forager, a nurse or an inactive.](pone.0048516.g002){#pone-0048516-g002}

Finally, analysis of the duration of snare biting, the precision rescue behavior previously reported by Nowbahari et al. [@pone.0048516-Nowbahari1], revealed a significant difference between groups (P\'\<0.0001). Foragers engaged in snare biting for a significantly longer duration than did nurses (P\' = 0.01) and inactives (P\'\<0.0001), and nurses spent more time snare biting than did inactives (P\' = \<0.0001). This particular behavior, which might reasonably be argued to represent a measure of workers\' efficiency as it is directed at the object actually holding the victim in place, lasted for 14.8±3.8 s in foragers, but for only 4.4±1.0 s in nurses; inactives displayed no snare biting whatsoever.

Latency of Rescue Behavior {#s3b}
--------------------------

The latency to rescue victims revealed a virtually identical pattern of results. Overall, latency to rescue differed significantly across the three castes of rescuers (P\<0.0001), with foragers engaging in rescue behavior significantly sooner than nurses (P\' = 0.01), and both foragers and nurses responding significantly sooner than inactives (both P\'s\<0.0001). Likewise, as [Figure 3](#pone-0048516-g003){ref-type="fig"} shows, the victim\'s caste had a large effect on the latency of rescue, differing significantly across the three castes of victims (P\<0.0001). Specifically, both foragers and nurses were helped significantly faster than inactives (both P\'s\<0.0001); however, forager and nurse victims received help equally quickly (P\' = 0.28). As expected, control tests with anesthetized victims elicited no response whatsoever in 133 of 135 tests. In two tests of the forager-forager combination, rescue occurred for a few seconds, followed by complete abandonment of the victim.

![Latency of rescue behavior.\
Mean latency (± SE) of the first act of rescue behavior performed by any member of the group of five *C. cursor* rescuers, all foragers, all nurses or all inactives, in the presence of a single experimentally ensnared victim, either a forager, a nurse or an inactive.](pone.0048516.g003){#pone-0048516-g003}

Correlation between Duration and Latency of Rescue Behavior {#s3c}
-----------------------------------------------------------

Finally, statistical analysis revealed a significant negative correlation between the latency of the first act of rescue behavior and the total duration of rescue behavior. In particular, rescue behavior occurred more quickly, and persisted longer, when the rescuers were either foragers or nurses and the victim was either a forager or a nurse (r = −0.50, P = 0.0002).

Discussion {#s4}
==========

Our data reveal a novel behavioral specialization in a eusocial insect, a specialization never before reported in the literature, either in ants or in any other eusocial insect. In support of our hypothesis, the expression of specialized rescue behavior in *C. cursor* is characterized by a form of temporal polyethism in which, as workers mature and assume the duties of nurses and foragers, they are more likely to respond quickly to a nestmate in distress and to persist in that behavior for a longer time. Furthermore, our results suggest that caste membership determines not only the ability to provide aid, but also to receive it. That is, foragers were able both to administer, and to obtain, the most help; inactives were incapable of responding to victims, as well as incapable of eliciting help from potential rescuers, regardless of caste; and, nurses generally performed intermediate levels of aid, mirroring their intermediate caste status.

According to Retana and Cerdá [@pone.0048516-Retana1], division of labor in *C. cursor* adult workers is based on a well-defined temporal polyethism in which young workers are initially inactive, and then, as they mature, perform various nest-related tasks, and finally leave the nest to become foragers. This same pattern is exhibited by several other *Cataglyphis* species, including *Cataglyphis bicolor* [@pone.0048516-SchmidHempel1], and *Cataglyphis niger* [@pone.0048516-Nowbahari2]. The differences we observed in *C. cursor* ants\' ability to rescue nestmates map easily on this pattern of temporal polyethism, a pattern that places some castes of workers at greater risk of entrapment and, thus, in greater need of the capacity to give and receive aid.

For example, *C. cursor* foragers, like other *Cataglyphis* ants, do not form ant trails to food, but search individually, relying on their highly-developed orientation abilities [@pone.0048516-Hlldobler1], [@pone.0048516-Wehner1]--[@pone.0048516-Fourcassie1]. Under the hot desert conditions experienced by these ants, entrapment easily could be lethal. Because foragers are the sole providers of food, but represent only 14.6% of the workers [@pone.0048516-Retana1], a trapped forager represents a potentially large cost to the colony. Natural selection can ameliorate this cost, however, through specialized rescue behavior, a mechanism that enables foragers both to call for help, and to respond to the call of another forager.

Like foragers in some ways, nurses also must respond to nestmates, in their case larvae, frequently moving them using nearly the same pulling behavior involved in rescue [@pone.0048516-Hlldobler1], [@pone.0048516-Retana1]. Thus, nurses\' ability to rescue a trapped nestmate is not surprising. Nonetheless, our results show that they are not as expert in rescue behavior as foragers, a difference that could reflect their slightly less mature development, their inexperience with trapped nestmates, or both. Finally, because inactives, the youngest workers, also never leave the nest but, unlike nurses, have no responsibility for brood care, they have no need of a capacity to rescue nestmates.

This age-dependent division of labor in *C. cursor* almost certainly reflects workers\' physiological maturation, including both brain development, as has been demonstrated in another *Cataglyphis* species, *C. albicans* [@pone.0048516-Seid1], as well as glandular development [@pone.0048516-Robinson1]. For example, in *Myrmica rubra* ant workers, the volume of secretions produced by the Dufour and poison glands, which are used to signal alarm, increases with the age of workers [@pone.0048516-CammaertsTricot1]. In a study of *C. cursor* pheromones, we found some evidence that these same two glands are involved in rescue behavior (unpublished data). Thus, because *C. cursor* foragers are the oldest workers, they would be expected to possess more developed glands, which would enable them to emit a more intense alarm signal than less-developed nurses; in turn, nurses would be expected to signal more strongly than even less-developed inactives. Because, in the current study, the ability to receive aid from rescuers -- which reflects ants\' ability to signal their distress -- generally matched their ability to provide aid to victims, our results suggest that both sending and perceiving the distress signal develops concurrently.

In sum, our study shows that precision rescue behavior, a highly developed and complex behavior in which *C. cursor* ants somehow are able to identify exactly what holds an entrapped nestmate in place and then to target their behavior to it alone, is regulated by temporal polyethism, a form of division of labor in which adult workers perform different tasks as they mature. Although several anecdotal reports of rescue behavior exist in the scientific literature [@pone.0048516-Nowbahari3], the ability to perform specifically targeted rescue behavior -- what we call precision rescue -- has been studied experimentally in only two species, namely ants [@pone.0048516-Nowbahari1] and, very recently, in rats [@pone.0048516-Bartal1]. Although researchers have yet to determine why some species possess this capability and others do not, the ability of *C. cursor* to rescue its nestmates appears to have evolved to meet the particular risks it faces in its harsh environments.

We thank Marie-Claire Malherbe for her technical expertise in caring for the ants, Alexandra Scohier for video recordings of tests, Renée Fénéron for helpful discussion and, especially, Alain Lenoir for many helpful comments on the manuscript.

[^1]: **Competing Interests:**The authors have declared that no competing interests exist.

[^2]: Conceived and designed the experiments: EN KH J-LD. Performed the experiments: EN KH J-LD. Analyzed the data: EN KH J-LD. Contributed reagents/materials/analysis tools: EN KH J-LD. Wrote the paper: EN KH.
